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Methods: We	 propose	 to	 enhance	 the	 3D  resolution	 of	 carbon-	13	 magnetic	
resonance	 imaging	 (13C-	MRI)  using	 the	 structural	 information	 provided	 by	
	hydrogen-	1	MRI	(1H-	MRI).	The	proposed	approach	relies	on	variational	regular-
ization	in	3D	with	a	directional	total	variation	regularizer,	resulting	in	a	convex	












olism.	 Although	 the	 work	 requires	 clinical	 validation	 against	 tissue	 measures	
of	metabolism,	it	offers	great	potential	in	the	field	of	13C-	MRI	and	could	signifi-
cantly	improve	image	quality	in	the	future.
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1 |  INTRODUCTION
Dynamic	 nuclear	 polarization	 is	 an	 emerging	 method	
to	 noninvasively	 probe	 tissue	 metabolism,	 which	 has	
recently	 been	 translated	 into	 patient	 imaging.1	 The	
method	transiently	increases	the	sensitivity	of	Carbon-	13	
Magnetic	 Resonance	 Imaging	 (13C-	MRI)	 experiments	 by	
over	10,000-	fold,2	which	enables	the	metabolism	of	an	in-
jected	13C-	labeled	precursor	molecules	to	be	investigated	
dynamically,	 for	 example,	 observing	 the	 conversion	 of	
hyperpolarized	[1-	13C]pyruvate	to	[1-	13C]lactate	in	vivo	in	
humans.3	This	reaction,	catalyzed	by	the	enzyme	lactate	
dehydrogenase	 (LDH)	 has	 many	 promising	 applications	
in	oncology,	where	it	can	be	used	to	characterize	tumors	
and	assess	response	to	therapy.4	We	have	recently	demon-









olution	 achievable	 with	 comparable	 clinical	 metabolic	
techniques	such	as	positron	emission	tomography	(PET).	
Although	a	bolus	of	up	to	10 mmol	of	hyperpolarized	la-
beled	 pyruvate	 is	 rapidly	 injected	 intravenously	 into	 the	
patient,	the	tissue	concentration	is	only	∼0.1	mM	due	to	
dilution	in	the	vascular	and	extravascular	spaces,7	which	
is	 dwarfed	 in	 comparison	 to	 the	 endogenous	 concentra-
tion	of	hydrogen	atoms	in	tissue.	Given	the	transient	na-
ture	 of	 the	 hyperpolarized	 signal,	 which	 decays	 with	 a	
time	 constant	 (T1)	 of	∼25–	30	 s	 in	 vivo,	 rapid	 single-	shot	
techniques	for	imaging	the	13C signal	are	frequently	em-
ployed	 to	characterize	 the	dynamic	nature	of	 the	signal.	
The	 resulting	 pixel	 dimensions	 are	 in	 the	 order	 of	 1	 cm	
in	plane,	with	a	slice	thickness	which	is	often	larger	and	
compares	unfavorably	with	the	1	mm	isotropic	resolution	
routinely	 achieved	 with	 conventional	 1H-	MRI.	 This	 sig-
nificant	difference	 in	 image	scale	greatly	 limits	 the	abil-
ity	 to	 discriminate	 small	 areas	 of	 metabolic	 variability,	
and	 interpretation	 relies	 on	 co-	registering	 the	 metabolic	
maps	with	the	corresponding	morphology	on	the	1H-	MRI.	
In	 the	 brain,	 differences	 in	 13C-	pyruvate	 metabolism	









Super-	resolution	 methods	 have	 been	 applied	 to	 a	
range	 of	 medical	 imaging	 techniques	 such	 as	 PET,9–	11	








are	 usually	 easier	 to	 implement	 and	 computationally	
more	 efficient.	 Here	 we	 apply	 an	 image-	based	 super-	
resolution	 approach	 in	 the	 setting	 of	 a	 low-	resolution	
metabolic	image	(termed	data)	and	a	high-	resolution	an-
atomical	image	(termed	guide),	with	a	new	image	being	
computed	 which	 has	 the	 contrast	 of	 the	 data	 and	 the	
spatial	resolution	of	the	guide,	see	also	Figure	1.	Image	










In	 this	 paper,	 we	 investigate	 the	 use	 of	 super-	
resolution	 of	 13C-	MRI  with	 the	 aid	 of	 a	 1H-	MRI  guide,	
thereby	 potentially	 overcoming	 the	 current	 limitations	
of	 13C-	MRI,	 see	 Figure	 1	 for	 a	 graphical	 illustration	 of	
this	idea.	We	show	that	the	commonly	used	2D	approach	
is	not	sufficient	 to	reconstruct	biologically	well-	defined	
images	 and	 an	 extension	 to	 three	 spatial	 dimensions	 is	
needed;	see	Figure	2	 for	an	 illustration.	By	using	varia-
tional	regularization	in	3D	with	a	directional	total	vari-
ation	 regularizer,	 we	 show	 that	 the	 enhanced	 images	
have	a	significant	improvement	in	resolution	compared	
(1)minx‖Sx−y‖2+ℛ(x) ,
K E Y W O R D S
human	brain,	hyperpolarized	13C,	magnetic	resonance	imaging,	super-	resolution,	variational	
regularization








2 |  THEORY
2.1 | Inverse problem
We	 approach	 the	 problem	 of	 super-	resolution	 as	 an	 in-
verse	problem	where	we	aim	to	solve	a	linear	equation
where	 x	 is	 the	 high-	resolution	 image	 to	 be	 reconstructed,	
y	 is	 the	 measured	 data	 and	 S	 models	 the	 loss	 in	 resolu-
tion.	 For	 the	 proposed	 approach	 x ∈ ℝM×N×K	 is	 3D	 and	
y ∈ ℝm×n	 2D.	 For	 simplicity,	 let	 M = N = sm = sn	 for	 a	
fixed	super-	resolution	factor	s ∈ ℕ.	Then	the	used	resolution	
model	S	can	be	defined	via





2.2 | Structure- guided regularization
A	popular	regularizer	for	variational	regularization	(1)	is	
the	total	variation	which	can	be	defined	as
where	∇x ∈ ℝM×N×K×3	 is	a	finite-	difference	approximation	
of	the	gradient	of	x,	see	Ref.	[26]	for	formulas	in	2D	which	
are	easy	to	extend	to	3D	and	 = (1, 2, 3) ∈ ℕ3	is	a	multi-	
index.	While	the	total	variation	has	many	benefits	such	as	
preserving	edges,	it	is	impossible	to	include	structural	a	pri-
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such	 structural	 information	 is	 the	 directional	 total	 varia-
tion,19	defined	as
with	D = I − T ∈ ℝ
3×3	and
It	 is	 important	 to	note	 that	 the	directional	 total	 variation	
does	not	depend	directly	on	the	 intensities	of	 the	guide	v	
but	rather	the	location	and	direction	of	its	edges	via	,	see	
Figure	 3.	 Both		 and		 can	 be	 tuned	 to	 maximize	 perfor-





for	 f, g	which	are	proper,	 convex,	and	 lower	semicontinu-





is	also	known	in	 the	 literature	as	 the	Chambolle–	Pock	al-
gorithm.26	To	solve	 (1)	with	directional	 total	variation,	we	















lished	 in	 Ref.	 [30].	 Imaging	 phantoms	 consisted	 of	 15  ml	






immediately	 before	 imaging	 to	 give	 a	 final	 pyruvate	 con-
centration	of	∼4	mM.	Tubes	were	mixed	by	inversion	and	
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GE	 Healthcare,	 Waukesha	 WI),	 with	 a	 dual-	tuned	
1H/13C quadrature	head	coil	 (Rapid	Biomedical,	Rimpar	
Germany).	 Carbon	 images	 were	 acquired	 using	 IDEAL	
spiral	 imaging	(flip	angle	=	15,	FOV	=	240 mm,	40 × 40	




















Images	 of	 pyruvate	 and	 lactate	 were	 summed	 over	 the	




manually	 defined	 thresholds.	 1H-	MRI  images	 were	 first	
smoothed	by	a	Gaussian	filter	of	standard	deviation	0.25	
pixel	 and	 then	 resampled	 to	 FOV	 =	 80  mm	×	 80  mm	×	
40 mm,	resolution	=	0.5 mm	×	0.5 mm	×	10 mm	for	the	in	
vitro	phantom	and	to	FOV	=	240 mm	×	240 mm	×	30 mm,	
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4 |  RESULTS
4.1 | Comparison of methods
We	 compare	 reconstructions	 with	 dTV	 of	 13C-	MRI  data	
to	a	high-	spatial	resolution	using	either	a	slice	(2D)	or	a	
volume	 (3D)	of	 1H-	MRI.	We	also	compare	 the	proposed	
approach	with	Ref.	[22].	Results	for	the	in	silico	phantom	
are	shown	in	Figure	5.	The	regularization	parameter		has	
been	 tuned	 for	 each	 method	 separately	 to	 minimize	 the	
mean-	squared-	error	(MSE)








give	a	similar	 impression	as	 the	 in	silico	results.	 It	can	be	
noted	that	residuals	(Sx − y)	which	visually	mostly	contain	
noise	 can	 only	 be	 observed	 for	 2D-	dTV	 for	 = 5 ⋅ 10−3	 as	







parameter	for	3D-	dTV	has	been	chosen	as	 = 5 ⋅ 10−2	for	all	
experiments.
4.2 | Qualitative evaluation
Qualitative	 results	 of	 the	 proposed	 approach	 of	 the	 in	
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ratio	 images	 in	 the	 frontal	white	matter,	 and	 focal	areas	
of	high	lactate	and	pyruvate	in	the	gray	matter	in	the	oc-
cipital	and	 temporal	 lobes.	These	geographic	differences	
are	 often	 more	 clearly	 apparent	 on	 the	 super-	resolved	
imaging.
Line	 plots	 across	 the	 brains	 (Figure  8)	 demonstrate	
the	expected	left–	right	symmetry	and	show	that	intensity	
variations	between	the	gray	and	white	matter	and	CSF	are	
preserved	 in	 the	 super-	resolution	 data.	 Tissue	 boundar-




4.3 | Quantitative evaluation
The	 proposed	 method	 is	 evaluated	 quantitatively	 in	
Figure 9	for	the	in	vitro	and	in	vivo	data.	Summary	sta-
tistics	 for	 in	 vivo	 data	 are	 shown	 in	 Figure  10	 and	 all	
individual	data	are	shown	in	the	Supporting	Information.	
Regions	of	the	gray	matter	(GM)	and	white	matter	(WM)	
in	 vivo	 are	 defined	 as	 all	 pixels/voxels	 (for	 2D	 and	 3D	
data,	respectively)	where	the	fuzzy	segmentation	exceeds	
70%.	For	the	low-	resolution	in	vivo	data,	this	means	that	
statistics	 are	 computed	 using	 60–	130	 pixels	 and	 for	 the	
high-	resolution	 reconstruction	 around	 35–	59k	 voxels.	
In	addition,	we	show	a	quantitative	analysis	of	the	high-	
resolution	 reconstruction	 using	 the	 low-	resolution	 in	
order	 to	 highlight	 the	 effect	 of	 the	 segmentation	 on	 the	
conclusions.	The	box	plots	show	the	median	(bold	line),	
the	25%	and	75%	quantile	(boxes)	and	10%	and	90%	quan-



















lactate	 following	 super-	resolution	 which	 require	 future	
evaluation	 in	 larger	 studies.	 It	 can	 be	 seen	 that	 this	 ef-
fect	 is	 partially	 explained	 by	 the	 better	 segmentation	
which	 can	 be	 used	 for	 the	 high-	resolution	 reconstruc-
tion.	This	observation	is	likely	to	reflect	the	inclusion	of	
a	 larger	percentages	of	pixels	 in	 the	super-	resolved	data	
arising	 from	 areas	 of	 mixed	 tissue	 in	 the	 original	 data.	
Furthermore,	 this	 effect	 varied	 between	 cases	 and	 was	
most	marked	for	the	fourth	in	vivo	dataset,	see	Supporting	
Information.	 As	 shown	 in	 Figure  10,	 the	 ratio	 of	 mean	
intensities	 in	 the	 gray	 and	 white	 matter	 is	 reduced	 by	
super-	resolution	 for	 lactate	 and	 pyruvate	 but	 the	 tissue	
distribution	 of	 their	 normalized	 ratios	 is	 unchanged.	
Similar	 to	 Figure  9	 this	 observation	 can	 largely	 be	 ex-
plained	by	the	better	segmentation	of	the	high-	resolution	
reconstruction.
F I G U R E  7  Qualitative	evaluation.	In	both	subfigures,	the	top	row	shows	13C-	MRI data	of	the	metabolites	lactate	(lac)	and	pyruvate	
(pyr),	as	well	as	their	normalized	ratio.	The	bottom	row	shows	super-	resolved	images	for	both	metabolites	and	their	ratio	using	the	1H-	
MRI image	as	a	guide
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4.4 | Computional speed
The	 proposed	 algorithm	 is	 very	 computational	 efficient.	
For	the	3D	reconstructions,	it	took	about	0.08	s	per	itera-
tion	on	a	MacBook	Pro	(2.3	GHz	Dual-	Core	Intel	Core	i5,	
16	 GB	 RAM)	 with	 the	 overall	 algorithm	 needing	 about	
1,000	iterations,	that	is,	80	s.	The	2D	reconstructions	only	
take	0.01	s	per	iteration	for	a	similar	amount	of	iterations.
5 |  DISCUSSION












lesions	 is	 also	 clinically	 important	 but	 difficult	 at	 low	






of	 lesion	size	are	 important	 for	assessing	 treatment	re-
sponse	and	super-	resolution	approaches	could	be	used	
to	assess	the	effects	of	chemotherapy	or	radiotherapy.	In	




F I G U R E  1 0  Summary	statistics	of	in	vivo	data.	The	three	subfigures	show	the	ratio	of	mean	intensities	in	the	gray	and	white	matter.	
Each	individual	dot	represents	the	value	for	one	of	the	four	volunteers	and	the	black	line	their	mean.	We	highlight	the	influence	of	the	
segmentation	by	applying	the	low-	resolution	(LR)	segmentation	(seg)	to	the	high-	resolution	(HR)	reconstruction
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the	field	of	metabolic	imaging,	new	methods	for	improv-
ing	resolution	on	PET	are	now	used	routinely	on	many	
scanners.33,34	 This	 paper	 demonstrates	 the	 potential	 of	
using	 3D	 super-	resolution	 techniques	 to	 enhance	 low	
resolution	metabolic	imaging	with	in	silico,	in	vitro,	and	
in	vivo	datasets.
The	 in	 vitro	 phantom	 presented	 here	 showed	 the	
power	 of	 the	 method	 to	 qualitatively	 enhance	 the	 origi-




improvement	 in	 the	 super-	resolved	 images	 allowing	 an-
atomical	 regions	 to	 be	 more	 clearly	 discerned,	 such	 as	
the	 gray	 matter	 and	 the	 ventricles.	 In	 contrast	 to	 the	 in	
vitro	 data,	 the	 in	 vivo	 data	 showed	 some	 differences	 in	
the	quantitative	measurements	derived	from	the	gray	and	





ically	distinct	regions,	as	 they	may	be	 less	susceptible	 to	












Furthermore,	 super-	resolved	data	could	be	used	 to	 facil-
itate	automated	segmentation	of	 tumors	or	other	patho-
logical	processes	using	the	enhanced	resolution	that	this	












Fluid-	suppressed	 T1-	weighted	 images	 were	 chosen	
as	 the	 input	 in	 this	 study	 due	 to	 the	 excellent	 contrast	
provided	between	the	gray	matter,	white	matter,	and	CSF,	
but	 the	 method	 could	 similarly	 be	 applied	 to	 a	 range	 of	
other	 MRI-	based	 contrast	 approaches.	 One	 interesting	
















posed	 mathematical	 model	 can	 be	 extended	 to	 estimate	
the	 resolution	 degradation	 in	 terms	 of	 a	 point-	spread-	
function/convolution	 kernel27	 and	 to	 include	 registra-
tion,36	 both	 at	 the	 expense	 of	 making	 the	 optimization	
non-	convex	and	therefore	requiring	different	and	compu-
tationally	more	expensive	algorithms.
The	 proposed	 approach	 may	 be	 further	 improved	 by	
performing	 the	super-	resolution	directly	based	on	 the	k-	
space	 data,	 thereby	 avoiding	 any	 potential	 loss	 of	 infor-
mation	by	the	inversion	and	other	postprocessing.	Similar	
approaches	are	common	in	other	imaging	modalities	such	
as	 PET.9–	11	 This	 could	 potentially	 be	 significant	 if	 com-
bined	with	compressed	sensing37	for	the	13C-	MRI data	and	
to	handle	noisier	datasets,	see	also	paragraph	below.
The	 super-	resolution	 of	 13C-	MRI  using	 1H-	MRI  has	
been	undertaken	using	 several	different	approaches.22–	24	
Two	 publications	 have	 relied	 on	 segmented	 1H-	MR  im-
ages.23,24	More	broadly	within	MR	spectroscopy,	previous	
approaches	 have	 included	 combining	 the	 resolution	 of	
spectroscopic	 imaging	 with	 MRI	 using	 a	 segmentation-	
based	 compartmental	 model,38,39	 as	 well	 as	 increas-











ities.	 Here	 we	 have	 demonstrated	 a	 direct	 comparison	
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between	the	proposed	method	and	a	previously	published	













it	 is	 intercorrelated	 rather	 than	 being	 independent	 and	
identically	distributed	via	a	Gaussian	distribution,	which	




tively	 affect	 image	 reconstruction	 as	 the	 signal-	to-	noise	
level	drops.	In	order	to	apply	this	method	to	metabolites	
with	 a	 much	 lower	 signal-	to-	noise	 ratio,	 high-	resolution	
reconstruction	based	directly	on	k-	space	data	 is	 likely	 to	
be	advantageous.
Many	 inverse	 problems	 are	 currently	 solved	 via	 deep	
neural	networks,	for	example,	see	Ref.	[32]	and	references	






6 |  CONCLUSION
We	have	demonstrated	a	method	 to	 increase	 the	resolu-
tion	 of	 13C-	MRI  by	 using	 a	 super-	resolution	 algorithm	
which	makes	use	of	an	1H-	MRI image	routinely	acquired	
for	anatomical	co-	registration.	Our	results	on	a	range	of	
simulated,	 experimental	 and	 clinical	 data	 show	 that	 the	
proposed	 approach	 leads	 to	 biologically	 meaningful	 im-
ages	 while	 largely	 preserving	 the	 quantitative	 measure-
ments	of	metabolism.	Although	the	work	requires	clinical	
validation	against	tissue	measures	of	metabolism,	it	offers	
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SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	
online	version	of	the	article	at	the	publisher’s	website.
FIGURE S1	Qualitative	evaluation.	In	each	subfigure,	the	






FIGURE S2	 Qualitative	 evaluation:	 Line	 profiles	 of	 im-
ages	in	figure	S1.	For	the	in	vitro	data,	a	profile	through	
the	tubes	containing	0	U	and	40	U	of	enzyme	shows	re-











preserved	 through	 the	 super-	resolution	 procedure.	 This	
figure	is	an	extended	version	of	figure	9	in	the	main	paper.	
We	highlight	the	in	uence	of	the	segmentation	by	applying	
the	 low-	resolution	 (LR)	 segmentation	 (seg)	 to	 the	 high-	
resolution	(HR)	reconstruction
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